The recent gamma ray burst, GRB 990123 has a redshift z s = 1.61 and appears to have an energy E ∼ 3 × 10 54 erg, and a peak luminosity L max ∼ 6 × 10 53 erg s −1 ∼ 2 × 10 −6 c 5 /G, assuming isotropic emission. This is ten times larger than hitherto reported and in excess of the rest mass of a solar mass object. Optical observations have revealed an intervening galaxy with redshift z d = 0.286 displaced from the line of sight by 1.8 ± 0.4 ′′ . This raises the possibility that the burst is enhanced by gravitational lensing. We argue that multiple images are not present within the burst profile or within 15 minutes of the burst trigger. Preliminary inspection of the intervening galaxy image allows us to set a limit on the magnification of µ < 60; if subsequent analysis of Ulysses data extends this window to ∼ 1 day, and/or if a fainter burst is not observed within a few weeks, the magnification is at most modest (µ < 10), and the burst remains the most intrinsically luminous event yet observed.
INTRODUCTION
The majority of gamma ray bursts appear to be located at cosmological distances. This raises the possibility that a small minority may be brightened anomalously by being multiply imaged by an intervening galaxy. This may lead to the detection of multiple bursts (e.g., Paczyński 1986 ), although the a priori probability of such an occurence is not high (e.g., Blaes & Webster 1992) . In the event of such a propitious alignment, we stand to learn much about the source and the deflector.
The recent burst GRB 990123 is conspicuously energetic and appears to be formed in a galaxy with redshift zs = 1.61 (Kelson et al. 1999 ) located within ∼ 1.8 ′′ (Bloom et al. 1999 ) of a second galaxy with z d = 0.286 (Hjorth et al. 1999) . It is therefore a natural candidate for lensing. In this note, we examine, in more detail, the possibility that lensing may be occuring and, if so, some of its ramifications.
MACROLENSING
The largest magnifications observed in known galaxy lenses are found in "quad" geometries associated with elliptical mass perturbations, when the source is located close to a caustic surface and two images straddle the critical curve. In ⋆ E-mail: rdb@tapir.caltech.edu. Also at: Theoretical Astrophysics, 130-33 Caltech, Pasadena, CA 91125, USA † E-mail: djh@astro.ca.ac.uk. Also at: Dept. Astronomy, Columbia University, 538 W 120th St, New York, NY10027, USA this case, the two bright bursts will be closely spaced in time and on the sky, and will be the second and third to arrive. In addition to the fainter and more widely separated events, labelled 1 and 4, there will also be a faint (or invisible) fifth image, located near the lens galaxy nucleus, which we shall ignore.
We make a simple model of a nearly circular lens (cf., Blandford & Kovner 1988; Schneider, Ehlers & Falco 1992; Blandford & Hogg 1996) . Let the scaled surface potential in the vicinity of the Einstein ring be written
where r is measured in units of the unperturbed Einstein ring radius, so that f ′ (1) = 1, and g(r) is a perturbation which measures the ellipticity in the potential and its radial variation. The functions f, g are not directly observable. However, if there is a constant mass to light ratio, we can infer their form from surface photometry. Suppose that, in the neighbourhood of the Einstein ring, the surface brightness I can be fitted to a functional form
where ǫ is the ellipticity, then
c 1999 RAS (Note, though, that observed lenses often require external shear to fit their image geometries.) The time function is given by
Images at r have sources at β located as extrema of t. Hence,
where δ = r − 1 and all derivatives are evaluated at r = 1. The Hessian matrix of t is given by
in polar coordinates, (to lowest order), and the scalar magnification, µ, is the reciprocal of its determinant. Now, µ → ∞ when the image lies on the critical curve
or equivalently, when the source lies on the caustic
If we now displace the source perpendicular to the caustic, a pair of images will separate in opposite directions from the critical curve along a line with δr = 2(g − g ′ ) sin 2φδφ/(1 − f ′′ ) where δφ, (assumed to be << 1), is the displacement of either image from the critical curve. Perturbing the Hessian, we find that
for each of the neighbouring, bright images. Expanding the time delay to third order, we find that the time delay between the two bright bursts is given by
to leading order. These expressions must be modified near a cusp when | sin φ2| < |µ|∆t. (Higher order catastrophes are possible, but less probable: e.g., Schneider et al.1992.) We can also locate the preceding (1) and following (4) bursts in the high-magnification, small-ellipticity limit at position angles
Measuring φ2 from the minor axis, we find, without loss of generality, that when the merging pair is in the first quadrant, the preceding burst is in the second quadrant and the following burst is in the fourth quadrant. The corresponding delays are given by t2 − t1 = (33 cos 2φ2 + 2 1/2 (7 + cos 4φ2) 3/2 − cos 6φ2)g 8 t4 − t2 = (−33 cos 2φ2 + 2 1/2 (7 + cos 4φ2) 3/2 + cos 6φ2)g 8 (12) t2 − t1, (t4 − t2) varies between 8g, (0) and 0, (8g) as φ increases from 0 to π/2. The associated magnifications are given by
[15 cos 2φ2 + 2 1/2 (5 − cos 4φ2)(7 + cos 4φ2) 1/2
These expressions are only valid as long as δφ << 1 and the magnification is large, specifically as long as µ >> (6(1− f ′′ )g) −1 . When the source is even farther from the caustic, it is possible to create four, similarly-magnified bursts. These will be located at the solutions of the quartic
In this case, it is necessary to observe two bursts optically in order to solve for the source location, β. The associated magnifications are given by
and the arrival times (ignoring a constant) by
Note that if β 2/3
x + β 2/3 y > (4g) 2/3 , then the source is located outside the caustic and only two bursts will be seen. Interestingly, if the source is located just outside of the cusp, one of these bursts can be arbitrarily magnified and followed by a single, fainter burst. However, this is a relatively rare occurence. Even less likely is a radial merger geometry, when two, bright bursts, located much closer to the galaxy nucleus, will follow an isolated burst. Finally, if there is no multiple imaging, then the single burst will still be magnified by a factor that depends upon the detailed mass distribution closer to the nucleus. This factor is just 2 for p = 1, as is typically assumed, and can only be large if the surface brightess is roughly constant at the observed image location.
To summarize, if we are able to locate a burst with respect to the deflector galaxy and can estimate the radial variation of the surface density and the ellipticity then, on the hypothesis that the observed burst is the first of a merging pair, (and the second overall), we have outlined a procedure for predicting the location, the magnification and the delay of the third and fourth bursts and for estimating the same for the first burst. Multiple bursts can still occur without strong magnification, but in this case we must await another burst to make more predictions.
MICROLENSING AND MILLILENSING
If the lensing galaxy comprises mainly stars, then the optical depth in the vicinity of the critical curve is automatically Σ/Σcrit ∼ 1 − p/2. This means that microlensing variations are unavoidable if the source is sufficiently small. As the characteristic time delays associated with individual stars are < 100µs, the arrival times, locations, and spectra of individual bursts should not be seriously affected. However, significant magnification fluctuations are possible as long as the source is smaller than ∼ 10 16 µ −1/2 cm, which will be the case for bulk Lorentz factors smaller than ∼ 10 4 µ −1/2 .
Will GRB 990123 Perform an Encore? 3
The mass distribution of the deflector galaxy is likely to have additional perturbations associated with arms, bars, etc., especially if it is a spiral (as suggested by the reported [OII] emission (Hjorth et al. 1999) ), and as is commonly observed in galaxy lenses which do not obey magnification scalings close to catastrophes. This is known as millilensing. If the time delay between two neighbouring bursts is ∆t, a perturbing mass as small as ∼ 10 5 (∆t/1s) M⊙, in the vicinity of the images, suffices to change the magnifications by O(1).
APPLICATION TO GRB 990123
Adopting a world model with h = 0.6, Ω0 = 0.3, ΩΛ = 0.7, the observed 20-700 keV X,γ-ray fluence of 3.5 × 10 −4 erg cm −2 translates into a minimum burst energy of ∼ 3 × 10 54 B erg, where B is the beaming fraction. If the emission is isotropic and unlensed, then this is in excess of a stellar rest mass, comprehensively ruling out most extant theoretical models. In addition, the peak luminosity during the burst can be estimated as 6 × 10 53 B erg s −1 which is 2×10 −6 c 5 /G. The reported optical emission is much smaller, ∼ 1.5 × 10 51 B erg, though still in excess of the energy associated with a conventional supernova.
Is the deflector galaxy likely to be massive enough to image multiply? Adopting a magnitude of R = 21.3 and a mass to light ratio at the rest effective frequency of ν0 = 5 × 10 14 Hz (between the B and V bands), the luminosity is νLν(ν0) = 5.7 × 10 10 L⊙ ∼ 3L * . The critical surface density is Σcrit = 0.45 g cm −2 and the radius of the Einstein ring becomes the observed separation (Bloom et al. 1999) :
where M/L is measured in solar units for our world model, and we have assumed that all of the light is produced within the Einstein ring. A value of M/L = 10, required to match the observations, is within the accepted range for spiral galaxies. Adopting this value for θE, the unit of time delay becomes 162 d. Assuming exponents p = q = 1, and choosing ǫ = 0.2, φ = 40 • implying g = 0.033 as suggested by the observations (although it should soon be possible to improve upon these values), we obtain the following values for the delays in the merging double case:
Alternatively the time intervals between bursts will lie in the range ∼ 5−50 d when there are multiple images that are well separated. This shows the range of timescales anticipated. Given the potentially short time interval t3 −t2 for cases of large magnification, it is necessary to ask if the multiple bursts might have occured within the 100-s duration of the burst itself. Cursory examination of the BATSE light curve indeed reveals two distinct peaks separated by ∼ 12 seconds; the obvious ∼ 25% difference in peak flux could conceivably be produced by differential milli-or microlensing along the two paths. However, examination of the spectra of the two peaks shows that the second is distinctly softer: taking 8s intervals (approximately the FWHM) centered on each peak yields count ratios of 1.07, 1. 09, 1.11, 1.41, and 1.82 in the 20-50 keV, 50-100 keV, 100-300 kev, 200-1600 keV, and 600-11,000 keV bands respectively, where the first three data points are derived from BATSE (Kippen 1999) and the last two from COMPTEL (Connors 1999) . In addition, the distinct peak 76 seconds after the BATSE trigger has no counterpart with the same separation as the earlier pair of peaks; the closest local maximum is over 19 seconds away. Finally, the overall spectral evolution of the burst is from hard to soft as is typical for BATSE bursts (e.g., Preece et al. 1998 ). Thus, we conclude that the 100-second long burst profile does not conceal a double burst, and, from the BATSE light curve, conclude that the interval t3 −t2 > 100s.
The limit on this interval can be extended to several tens of minutes depending on the location of the observing satellites with respect to the Earth and the South Atlantic Anomaly (SAA) at the time of the burst. SAX, for example, saw no burst within a factor of 40 in intensity in the Wide Field Camera from this location for the 1450 s preceeding the burst (following the satellite's emergence from the SAA); after the burst, only 170s elapsed before the Earth occulted the burst position (SAX Team, private communication). In BATSE, the burst was observed 64 • above the horizon, implying that the source remained visible for at least ∼ 15 min after the trigger. Thus, we take this value as the minimum repetition time, and derive an upper limit to the magnification of µ < 60, predicated upon our preliminary inspection of the deflector image. These estimates will be improved when the afterglow fades and HST surface photometry of the galaxy becomes feasible. Also constraining will be the data from Ulysses which should have uninterrupted coverage for a burst comparable in intensity to GRB 990123 for a period of days to weeks before and after the event (K. Hurley, private communication). However, unless a burst is found in the earlier and later archival data, it seems quite unlikely that the observed burst was a highly magnified, mergingdouble image and therefore the magnification is likely to be µ < 10 with the consequence that the computed energy is likely to exceed ∼ 3 × 10 53 B erg.
This leaves the possibility that GRB 990123 is either a double or a quad and modestly magnified as our understanding of the lensing geometry allows (though does not require). If we do not observe (or have not observed) an echo of GRB 990123, then the magnification is limited to µ ∼ 2 except under contrived models, leaving GRB 990123 as the most intrinsically luminous cosmic event yet observed.
